Aero-servo-elastic analyses are required to determine the wind turbine loading for a wide range of load cases as specified in certification standards. The floating reference frame (FRF) formulation can be used to model, with sufficient accuracy, the structural response of long and flexible wind turbine blades. Increasing the number of bodies in the FRF formulation of the blade increases both the fidelity of the structural model as well as the size of the problem. However, the turbine load analysis is a coupled aero-servo-elastic analysis, and computation cost does not only depend on the size of the structural model, 5 but also the aerodynamic solver and the iterations between the solvers. This study presents an investigation of the performance of the different fidelity levels as measured by the computational cost and the turbine response (e.g. blade loads, tip clearance, tower top accelerations). The presented analysis is based on state of the art aeroelastic simulations for normal operation in turbulent inflow load cases as defined in a design standard, and is using two 10 MW reference turbines. The results show that the turbine response quickly approaches the results of the highest fidelity model as the number of bodies increases. The increase in 10 computational costs to account for more bodies can almost entirely be compensated by changing the type of the matrix solver from dense to sparse.
In this study the turbine responses of DTU10MW and IEA10MW are considered with different structural fidelity levels of the blades for 432 load cases according to DLC 1.2 . The loads at different points on the turbine, controller activity, and turbine performance are compared. Section 2.1 introduces the solver (HAWC2) and geometrically nonlinear structure modelling in the multibody (FRF) formulation. Section 2.2 presents the reference wind turbines, load cases and their models as used for this study. Section 3 includes the calculation methods used when post processing the results, the 5 plots of the computation time and the turbine response, and presents a discussion of the results. The conclusions of this study are given in Section 4.
Method and Analysis
Evaluating the aero-servo-elastic response of large and flexible wind turbines using time domain simulations under turbulent inflow conditions requires rigorous analysis. Both the aero-servo-elastic solver and the considered model and load cases are 10 therefore carefully outlined in the following two sections. The applied analysis method presented here is based on a numerical experiment of blades with varying structural model fidelity levels.
Method
The turbine analyses for the presented work were performed with HAWC2 version 12.6, which is a strongly coupled aeroservo-elastic wind turbine simulation tool. The aerodynamic solver of HAWC2 (Madsen et al., 2019) uses the blade element 15 momentum formulation (De Vries, 1979; Wilson and Lissaman, 1974) including effects of dynamic stall, dynamic inflow, wind shear on induction, tip loss, tower shadow and large blade deflections. A PID controller algorithm is used to determine the set point of the pitch bearing angle and generator torque. The servo actuators are modelled as a second order dynamical system with an appropriate given frequency and damping. Each structural element has two nodes with 6 degrees of freedom (dof) and is modelled as a linear classical isotropic or anisotropic Timoshenko beam . A body, defined in the FRF 20 formulation, can be composed out of an arbitrary number of elements. Bodies are attached to each other with constraints in any of the six dof (three rotations and three translations). The bodies are deflected linearly but their body reference coordinate system follows the translation and rotation from the last node of the previous body in a continuous structure model.
A general wind turbine structure can be build out of N e elements and N b bodies with constraints whereas N b ≤ N e . The constraints allow the user to capture the correct non-linear geometrical response of a collection of bodies in a continuous 25 structure as long as the deflections within one body are small (Pavese et al., 2016) . In the limit case where a continuous structure model has the same number of bodies than elements (N b = N e ), the solution is equivalent to the co-rotational approach (Krenk, 2005; Verelst et al., 2016) . For example, Figure 1 shows how the body discretization of a 2D beam structure model captures the nonlinear effect on the beam length as bending deflection occurs. The beam model has nine linear beam elements. The round markers represent the finite element nodes and the square markers represent the body discretization of the structure. As 30 seen in the figure, the one-body model has linear deflections with fictitious elongation due to lack of large rotations, while the three-bodies model shows the large rotation effects due to constraints between the bodies.
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3 Body Model Figure 1 . Structural modeling of a cantilever beam in floating reference system with multiple bodies, in deflected and un-deflected states HAWC2 constructs a system of differential equations representing the equations of motion of the system with constraints, see equation (1), which is based on a given set of N e elements and N b bodies (Shabana, 2013) of consraints in the model. The Jacobian of constraint equations with respect to the generalized coordinates is presented by G u ∈ R Nc×N . Generalized external forces and quadratic velocity, including gyroscopic and Coriolis force components, vectors are showed as f and f v . The solver computes u,u,ü and λ at each time step for known external loads while satisfying the constraint equations. In HAWC2, the computed structural response (u,u,ü) is sent to the aerodynamic solver. Based on these state variables, the aerodynamic solver computes the corresponding aerodynamic loads which go into the external force 10 vector (f ). This load update procedure takes place at each iteration. Hence, the generalized external forces and inertia matrix are a function of time, deflections, velocities and accelerations.
As the reference/rigid body (u r ) and elastic parts (u e ) of the generalized coordinates are separated, equation (1) can be written as shown in (2) 
The main driving factors in computation time of multibody solver are the simulation time, the size of the problem (matrices) 20 and the number of iterations. The vector u j r includes six variables to define the position and rotation of the body 'j' reference point. The size of u j e depends on the number of element in body 'j'. As more bodies are defined in a model, the number of generalized coordinates and state dependent parts of the matrices increase. For example 1-body example in Figure 1 has 60 generalized coordinates (6 reference coordinates, 54 elastic coordinates), whereas the 3-bodies model has 72 generalized coordinates (18 reference coordinates, 54 elastic coordinates).
In HAWC2 the time integration is performed using the Newmark algorithm (Newmark, 1959) with β and γ constants. The 5 update of the current state was done by u and λ, which are computed according to equation (3). In equation (3) r q and r g are the force and constraint residuals at current iteration step. K ef f is the effective tangent stiffness at the current state, which is shown in equation (4). The sparsity of the constraint Jacobian matrix (G u ) increases with the number of constraints defined in the model. Different numerical approaches can be used when solving dense or sparse matrix problems. HAWC2 can optionally utilize a sparse matrix solution method in which λ from equation (3) is computed using the 'pardiso' sparse 10 matrix routine (Petra et al., 2014a, b) . Note that (G u K −1 ef f G T u ) in λ is symmetric and positive definitive for the considered HAWC2 models.
Analysis
15
The approach in the study is based on numerical experiments of two turbines: the DTU10MW (Bak et al., 2013) and the IEA10MW (Bortolotti et al., 2019) , whose properties are shown in Table 1 . The corresponding HAWC2 input files and results (statistics of the time series) used for the analysis are available via (Gozcu and Verelst, 2019) . It should be noted that the IEA10MW rotor has more prebend, undergoes larger deflections, and exhibits stronger couplings between bending and torsion when compared to the DTU10MW. These three differences are relevant when considering the non-linear geometrical response 20 of a wind turbine rotor.
It is practical to call the bodies used for a continuous structure or a component as main body and the bodies defined in a main body as sub-bodies. A main body can be attached to other bodies or boundaries by constraints in any direction, whereas the constraints between the sub-bodies are always in 6-dof to satisfy the continuity of the structure. In the analyses the number of sub-bodies of the blade varied from 1 (linear response) to 30 (one body for each element, equivalent to a co-rotational 25 approach). The rest of the turbine model was kept the same for a coherent comparison. The HAWC2 models of the considered turbines for this publication are composed of 9 main bodies: tower, tower top, nacelle, 3 hubs and 3 blades. was used. The turbulence boxes were generated by the Mann turbulence generator (Mann, 1994) . A constant time step of 0.01 seconds was used for all considered cases. The computational time was recorded for all cases, and both the sparse and dense matrix solvers were considered. The number of bodies in the model alters the problem size since it changes the number of generalized coordinates and constraints in the equations. The generalized coordinates and constraint equations number can be determined by equation (5) The turbine analyses were carried out according to DLC 1.2 which includes power production load cases using the normal turbulence model according to the IEC standard. In DLC 1.2 the majority of the fatigue damage of the turbine is procured 5 over its life-time. Table 4 summarizes the simulation setup for DLC 1.2 load cases. Note that, according to the IEC standard the use of 6 turbulent seeds is considered sufficient for DLC 1.2. For the analysis here 12 seeds are considered instead in order to increase the robustness of the obtained fatigue damage (Tibaldi et al., 2014) for each number of sub-bodies case.
In general terms further attention should be paid when comparing results from turbulent time domain simulations of nearly identical turbine models. Extreme loads can vary significantly when a large rotor is positioned slightly different with respect to 10 a specific temporal turbulent structure in the wind field (Natarajan and Verelst, 2012) . For this analysis it can cause, potentially, large extreme load variations between the simulations of the same wind speed and seed number, but different number of subbodies. Such differences could be driven not by the difference in modelling (1 to 30 sub-bodies for this investigation), but by small differences in rotor azimuthal position at a specific time at which an extreme event occurs. 
Results
The results of the blade models with different number of sub-bodies are compared to the blade with the 30 bodies case (highest fidelity). The loads and total number of iterations are normalized with respect to the highest fidelity results, while the computation time is normalized with respect to the lowest fidelity model (1 sub-body/linear case) in combination with the dense matrix solver. The computation time and total iteration number are defined here as the total central processing unit (CPU) 5 time and the sum of iterations for all load cases, respectively.
The activity of the pitch bearing is evaluated by integrating the pitch angle signal over time for all load cases and summed up into φ total , see equation (7). The pitch angular speed of j th blade at i th time step is shown byφ j i . There are N t number of time steps in all load cases. In addition to the total pitch angle change φ total , the power needed by the pitch actuator (P j i ) of j th blade at i th time step is calculated by considering the torsion moment at the blade root (M j i ) and angular speed of the 10 pitch bearingφ j i , see Equation (8). The max power needed by the pitch actuator might determine the size of the component (i.e. actuator, bearing etc.).
15 Figure 2 shows the computation time and number of total iteration ratios of both turbines for dense and sparse matrix solvers.
The computation time ratio is calculated with respect to the linear (1 sub-body) case using the dense solver, and number of iterations ratio is calculated with respect to the 30 sub-bodies blade case, which has the lowest number of iterations for both turbine models. The total number of iterations does not change for sparse and dense matrix solver types, therefore there is only one curve for the number of iterations. The dense matrix solver CPU time results are given only for 1, 2, 6, 15 and 30 sub-bodies between the 1 and 15 sub-bodies cases due to the fact that approximately 36% and 41% fewer iterations were observed for the DTU10MW and IEA10MW respectively.
Since the sparsity of the matrices in the solution process increases with the number of bodies, sparse matrix solver becomes computationally more efficient for models with many constraints or bodies (Dibold et al., 2007) . Although not shown here, no difference was observed between the results of the dense and sparse matrix solvers. For the linear case, the CPU time is almost 5 the same for both solver types. The sparse solver is significantly faster for the non-linear (multibody) cases. The computational speed up for the 15 sub-bodies case is about 11% and it is actually faster than the linear case with dense matrix solver. Obtaining the sparse solution of 30 sub-bodies cases for IEA turbine is about 36% faster than the using dense matrix techniques. The highest fidelity model with sparse matrix solver is just 9% slower than the linear case for IEA turbine and this number goes down to 4% for DTU turbine. difference reaches about 5 meters, which means 80% deviation from the highest fidelity case for the more flexible IEA turbine.
There is a faster approach to the highest fidelity results in the effective blade radius plot than the tower clearance. The IEA turbine has again a larger difference between the linear and nonlinear blade models. The diameter difference can reach up to 7 meters for the IEA rotor and 1.7 meters for the DTU rotor. The linear model consequently has a longer blade length than the non-linear models due to the prebend in the blade design. The elastic part of inertia and stiffness matrices in the linear case do The results are normalized with respect to the highest fidelity blade model. The maximum deviation of the IEA turbine in flapwise deviation is 24% and it raises to 26% in edgewise direction. The DTU turbine has 9% and 5% deviations in flapwise and edgewise directions. The results of both turbines in flapwise and edgewise directions have a similar trend meaning that after 15 sub-bodies the deviations become very small. The torsion DEL has the largest deviations for both turbines, and only after the 9 sub-bodies case a consistent reduction in difference between the linear and nonlinear case can be observed. The 15 deviations become quite small for cases with 27 sub-bodies or more. Figure 7 shows the absolute maximum moment load result ratio between linear and nonlinear blade models over the normalized blade spanwise locations. The IEA results have generally larger deviations than the DTU results. The largest difference occurs in torsion moments for both turbines. The difference in flapwise direction reaches up to 30% for the IEA turbine and 10% for the DTU turbine. The edgewise deviations of both turbines reach up to 12%. The torsion moment deviation hits 50% Alternatively, the ultimate cross sectional loads can visualized by considering the load envelopes. The load envelopes are the concave boundaries of the flap-and edgewise bending moment time traces considering all load cases. In doing so, the absolute magnitude and corresponding angle of the extreme loads are visualized. Figure 8 shows the cross-section flapwise and 5 edgewise moments envelopes at blade stations where the largest deviations between linear and nonlinear cases are observed for the maximum flapwise moment load (as can be determined from Figure 7) . The largest flapwise moment deviation occurs at 43.6 and 51.1 meters blade radius for the DTU and the IEA turbines. Figure 8 shows the load envelopes for 1, 2, 6, 15 and 30 sub-bodies cases. The linear model is generally conservative with respect to the nonlinear models, and the DTU turbine has smaller difference between linear and nonlinear blade models compared to the IEA turbine. Figure 9 shows the DELs of the fore-aft (moment force vector perpendicular to wind direction) and side-side (moment force vector aligned with the wind direction) moments at the tower top position where the yaw actuator and bearings are located.
5
There is a negligible deviation between the linear and nonlinear case for the side-side DEL moments for both turbine models.
However, the deviations in fore-aft and torsion DELs exceed 4% for the IEA turbine and reach to 3% for the DTU turbine. The results approach the highest fidelity model results smoothly and the deviation becomes very small after 15 sub-bodies cases for all channels. Figure 10 shows the tower bottom side-side and fore-aft moment load envelopes of the turbines for 1, 2, 6, 15 and 30 sub-bodies cases. The deviations between linear and non-linear cases are more explicit in the IEA10MW turbine than the 10 DTU10MW turbine. In contrast to the blade moment envelopes, the linear case is not always the more conservative approach compared to the nonlinear cases. Figure 11 shows the normalized blade pitch actuator DEL, total pitch angle change of the turbines in all simulations computed by equation (7), and maximum power at pitch actuator computed via the equation (8). The IEA turbine has a deviation of about 3% in cumulative pitch angle results. This indicates that the controller activity is also affected by the fidelity of blade 15 modelling. The maximum pitch actuator power depends on both blade root torsion moment and pitch angle speed. A very large deviation is observed in the pitch power results, which are 38% and 34% for the DTU and IEA turbines respectively. The deviations in the IEA turbine results are generally higher than the DTU 10MW turbine results, however the DTU turbine has larger deviations in terms of percentage than the IEA turbine in pitch power results. Although the highest fidelity model causes Figure 10 . Tower bottom fore-aft and side-side load envelopes of the DTU and the IEA turbines for 1, 2, 6, 15 and 30 sub-bodies cases slightly less pitch activity compared to the linear model, the actuator power increases significantly with the fidelity of the blade model. This is due to significantly increased blade torsional moments with increasing blade model fidelity.
The annual energy production (AEP) for the different blade models is well below 1.0%. This difference is relatively small when compared to the loads since the controller tracks the optimal operating conditions below rated wind speed, and maintains the rated power above rated wind speed. Consequently, only in below rated conditions a very small difference in power output 5 can be observed whereby the linear case results in small increase in power output compared to the nonlinear 30-sub body case. CPU time can decrease by increasing the number of bodies, since the total number of aero-elastic iterations decreases as the number of bodies increases. After the total number of aero-elastic iterations becomes independent of the number of 10 bodies, the CPU time increases by the number of bodies explicitly. The linear models have larger deflections compared to the non-linear models and these large deflections cause larger changes in the aerodynamic forces. Consequently, the cycle between the structural response and aerodynamic forces requires more iterations for linear models. Since the sparsity of the matrices increases by the number of bodies, the sparse solver becomes more effective than the dense solver in terms of required CPU time for nonlinear problems. The geometric nonlinear effects are the most apparent in the blade responses. A significant 15 difference in blade tip-tower clearance is observed of up to 5 meters, while the maximum blade tip radius can be close to 4% higher when comparing the linear to the 30 sub-bodies model. The most significant differences are noted for mid-and outboard blade sections and their maximum and DEL bending moments. Depending on the blade model, the linear 1 sub-body model overestimates flap-and edgewise DELs up to 30%, while the torsional DEL moments are underestimated up to 25%.
A similar trend is shown for the maximum loads: an overestimate of up to 30% for the flap-wise extreme bending moment, 20 and an underestimated maximum torsional moment of almost 50% when comparing the 1 and 30 sub-bodies cases. The tower loads, however, are much less dependent on the number of blade sub-bodies. For the tower top the largest noted differences are around 4% for the yawing moment, but with one important distinction that fewer sub-bodies consistently underestimate rather than overestimate the loading. The tower bottom loads are virtually unaffected as function of blade sub-bodies. The pitch actuator maximum power is significantly underestimated up to 30-40% by the 1 sub-body blade compared to 30. Finally, the performance parameters such as power, AEP, rotational speed, thrust and shaft moment remained virtually unaffected by blade 5 model fidelity.
Although there are significant differences between the linear and non-linear blade model (with 30 sub-bodies), the results generally approach the highest fidelity results fast as the number of blade sub-bodies increases. In most cases the deviations in results become insignificant after 15 sub-bodies. This is also the point after which the total number of iterations does not reduce any further significantly with increasing number of sub-bodies.
10
The work outlined here confirms earlier studies that the nonlinear geometrical effects are significant for wind turbine blades, and that this importance is related to the size, prebend shape, and flexibility of the considered blade model. The authors conclude that users are recommended to model blades with as many sub-bodies as there are structural elements, while also using a sparse matrix solver for models that have symmetric effective stiffness matrices in HAWC2. In doing so within the context of HAWC2, no increase in CPU time is noted while at the same time having the blade model with the highest structural 15 fidelity.
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